Abstract-The influence of incident monochromatic uv light on the susceptibility of types 304 and 316 stainless steels to pitting corrosion in chloride-containing solutions is described. Illumination of the immersed surfaces, in neutral and acidic solutions, gave rise to an enhanced resistance to the onset of pitting corrosion that persisted for some 220 h after the irradiation had been removed. This was evident from an increase in the breakdown potential, longer induction periods, and notable changes in the current noise at constant potentials for specimens polarized under illumination. It was found that the degree of inhibition to pitting attack depended on the photon energy, the illumination period and the nature of the passive film. Higher breakdown potentials and longer induction periods were observed with high energy photons (1 < 375 nm); these photons having energies in excess of the bandgap energy. Also, the photo-inhibition effect increased with the period of illumination; the maximum effect being observed following a 5-h illumination period. A much reduced photo-inhibition effect was observed for specimens polarized in alkaline solutions. This was attributed to the formation of a precipitate layer at the film-solution interface, which hindered the interaction of the incident photons with the barrier layer. Copyright 0 1996 Elsevier Science Ltd
INTRODUCTION
The breakdown of passive films that form on metals and alloys, and the initiation and propagation of localized corrosion, are major concerns in corrosion engineering and are of great fundamental interest in electrochemistry. Various attempts, ranging from the addition of alloying elements to the base material [l-4] to the addition of inhibitor-containing solutions to the environment [5] , have been made in an effort to enhance the passivity of metals and alloys.
Recently, it has been shown that inhibition of localized corrosion can be achieved by illuminating immersed electrodes with uvlvisible photons. The first observation of this kind was reported for polycrystalline nickel in chloride-containing solutions on illuminating with incident white light [6] . More recently, an anodic shift in the breakdown potential of type 304SS in chloride solutions was found in the presence of uv light [7] , while stronger photoinhibition effects were observed for pure iron [8, 9] under high intensity uv irradiation. Although it was reported, in some earlier studies, that the rate of corrosion of mild steel in citrate-and sulphatecontaining solutions increased on illuminating with white light [lo, 111, these more recent studies suggest that illumination with high energy photons leads to a modification of the passive film that results in an increased resistance to the onset of pitting attack.
In this communication the photo-inhibition of pitting on types 316 and 304 stainless steels in chloride-containing solutions, and the factors affecting the degree of photo-inhibition, are reported. These findings are explained within the framework of the point defect model (PDM) [12] for the growth and breakdown of passive films.
EXPERIMENTAL
Test specimens were prepared from 304 (0.08% C, 2.0% Mn, 18.0% Cr, 8.0% Ni, 0.04% P, 0.003% S, 1.0% Si) and 316 (0.08% C, 2.0% Mn, 16 .0% Cr, 12.0% Ni, 0.04% P, 0.003% S, 1.0% Si, 2.0% MO) stainless steel rods, which were covered with lacquer, mounted in a PVC holder, and embedded in a two-component epoxy resin. The exposed surface, approximately 0.8 cm2 in area, was polished mechanically with successively finer grades of Sic paper and 0.05 pm alumina powder to a mirror finish.
The electrochemical cell consisted of a threeelectrode PTFE cell equipped with a quartz window to allow irradiation of the test electrodes. A saturated calomel electrode (see) was used as the reference electrode and a platinum wire, coiled inside the cell, was used as the auxiliary electrode. All test solutions were prepared from Analar-grade reagents and deionized water and were deoxygenated with nitrogen. The pH of the solutions was adjusted to 7.5 with NaOH or, alternatively, was buffered to pH 7.5 with a 0.15 mol dme3 HjB0,/0.007 mol dmm3 Na2B407 solution.
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Potential !mV(SCE) Fig. 1 . Potentiodynamic polarization curves for type 304 stainless steel in a neutral 0.5 mol dm-' NaCl solution under conditions of (a) non-illumination and (b) illumination at 300 nm.
The working electrodes were irradiated at wavelengths between 300 and 425 nm using a 150 W uu-enhanced Xe lamp (Oriel Model 6254) and a l/8 monochromator (Oriel Model 77250). The incident power density at 300 nm was 0.04 mW cme2, giving a photon flux of 6.04 x 1014cm-2. The photon flux was maintained at approximately this value at each wavelength by adjusting the light intensity at the surface.
experiments, the electrodes were illuminated continuously throughout the entire experiment. Additional experiments involving polarizing the working electrodes, under illumination for periods of up to 15 hours, and then determining the breakdown potential using the potentiodynamic polarization method. Exactly the same polarization periods were used for the illuminated and non-illuminated electrodes. Electrochemical tests were carried out using a Solartron/Schlumberger Electrochemical Interface (Model 1286). In potentiodynamic polarization tests, the working electrodes were polarized at a rate of 0.1 mV s-l in the anodic direction up to the breakdown potential. In illumination experiments, the electrodes were illuminated continuously throughout the potential scan. The breakdown potential was recorded as the potential at which the current exceeded 80 PA crnb2. In current-time measurements the electrodes were initially polarized at a potential in the passive region for a 30-min period, and then the potential was stepped to an appropriate point where meta-stable pitting could be observed for the non-illuminated specimens, and the current transients were recorded as a function of time, using a Keithley Model 576 data acquisition unit at a sampling rate of 90 mS. For the illumination RESULTS Typical anodic polarization curves recorded for type 304 stainless steel in a neutral 0.5 mol dm-3 NaCl solution (unbuffered) under conditions of illumination (300 nm) and non-illumination are shown in Fig. 1 . It is evident that an increase in the pitting resistance occurs on illumination of the electrode; both the breakdown potential and the potential which coincides with the appearance of the first meta-stable pitting events are shifted in the noble direction. The effect of illumination on the breakdown potentials can be seen more clearly from the data presented in Table 1 , where the breakdown potentials of 304 and 316 stainless steels, averaged over at least three separate determinations (shown in parentheses is the actual number of tests carried out), Table I Breakdown potential data for types 304 and 316 stainless steels under conditions of illumination (300 nm) and non-illumination. Numbers in parentheses indicate the number of experiments over which the data were averaged are shown as a function of the chloride concentration.
In each case, an increase of about 60 mV in the breakdown potential can be observed on irradiation, with the maximum degree of uncertainty being of the order of +40 mV. A further significant factor is that the breakdown potentials of the illuminated SS304 specimens approach those of the SS3 16 specimens, as measured in the dark, indicating perhaps a comparable degree of passivity enhancement between alloying and illumination under these conditions.
An even greater increase in the breakdown potential, of the order of 150 + 50 mV, was observed on prior illumination of the specimens at 300 nm for periods exceeding 5 h. In these experiments, the electrodes were polarized in a 0.1 mol drne3 NaCl solution (buffered) at +250 mV (see) for various periods of time under conditions of illumination and non-illumination. The specimens were then polarized from +250 mV (see) in the anodic direction at a rate of 0.1 mV s-l up to the breakdown potential. The displacement in the breakdown potential was calculated by subtracting the average breakdown potential for the specimens polarized in the dark from the average breakdown potential for the specimens polarized in the light. Each experiment was repeated three times. These data are presented in graphical form in Fig. 2 , where the average displacement in the breakdown potential, A& is shown as a function of the prior illumination period.
Further evidence for photo-inhibition of pitting attack was obtained from current-time measurements, where current-decay transients were monitored as a function of time for illuminated (300 nm) and non-illuminated specimens. Representative plots are shown in Fig. 3 (a) and (b) for SS316 under conditions of non-illumination and illumination, respectively. The specimens were passivated initially at 250 mV (see) in a 0.1 mol dm-3 NaCl solution (buffered) for a 30-min period. Then the potential was stepped to 420 mV (see) and the current recorded. Exactly the same procedure was followed for both the illuminated and non-illuminated electrodes. A significant degree of meta-stable pitting, reflected by the frequent fluctuations in the current in Fig. 3(a) , was observed for the non-illuminated electrode. However, this current noise was removed almost completely on illumination, indicating the absence of meta-stable pitting attack. This higher degree of passivity appeared to survive; even after a 12-h polarization period no current fluctuations were observed. Although the sustained passivation in this case may also be connected with prolonged polarization, a similar degree of enhanced passivation was observed on illuminating the specimens only for the initial 30-min period. Subsequent polarization at 420 mV (see) (in the dark) resulted in current-decay profiles similar to that shown in Fig. 3(b) , thus indicating that continued illumination is not a prerequisite in achieving this enhanced resistance to pitting attack. Similar behaviour was observed for type 304 stainless steel on illumination.
In order to quantify the "permanent nature" of the photo-inhibition effect, the pitting susceptibility of SS316 was studied at various periods of time following illumination. The specimens were illuminated at 300 nm for 80 min under polarizing conditions in a neutral 0.5 mol drn-' NaCl solution. The specimens were then immersed under opencircuit conditions (dark) in a borate buffer solution (pH of 7.5) removed at selected intervals, and the breakdown potential determined in a neutral 0.5 mol drne3 NaCl solution using the potential scan method. Identical experiments were carried out in the dark (ie, without the illumination period); the specimens were polarized in the chloride solution (dark) for 80 min, removed and immersed in the borate solution, and the breakdown potential determined at selected intervals. Data collected in this manner for periods up to 350 h are presented in Fig. 4 , where the breakdown potential for the illuminated and non-illuminated specimens is shown as a function of the immersion period following illumination or polarization. In Fig. 4(a) , the data are displayed on a linear plot, while in Fig. 4(b) , the data are displayed on a semi-logarithmic plot allowing a clearer presentation of the data collected for short immersion periods. A clear difference between the breakdown potentials measured for the illuminated and non-illuminated specimens can be seen for immersion periods up to approximately 220 h, indicating that the photoinhibition effect persists over this period of time. The gradual ennoblement in the breakdown potentials with immersion period may be attributed to a chromium-enrichment in the passive film or a crystallization process. This process occurred also with the illuminated specimens. As before, a similar trend was observed for SS304.
The influence of solution pH on the extent of photo-inhibition was studied by polarizing and illuminating the electrodes in solutions of varying acidity. A 0.5 mol dme3 NaCl solution was used as the test solution, but the pH was adjusted to the Eb (dark). The average displacements in the breakdesired value by the addition of NaOH or HCI. All down potential for SS304 and SS316 are shown as irradiation experiments were carried out at 300 nm. a function of the solution pH in Figs S(a) and (b), The breakdown potentials were determined from respectively; the degree of scatter in the average polarization measurements for specimens polarized in the dark and under conditions of continuous displacements being +30 mV. An essentially constant increase in the breakdown potentials, approxiillumination. Each experiment was carried out at mately 60 mV, was observed on illumination, except least three times. The displacement in the breakdown for those specimens polarized in the alkaline potential, AEb, was calculated as AEb = Eb (light) -solutions, where no apparent photo-inhibition effect solution (the pH was adjusted with NaOH and maintained at 10 on addition of the complexing agent). The average displacements in the breakdown potentials for both SS304 and SS316 at a pH of 10.0 on addition of the EDTA solution were 45 and 50 mV, respectively. The presence of EDTA at other pH values did not enhance the photo-inhibition effect. This seems to suggest that the precipitated (outer) layer formed on the barrier layer of the passive film in alkaline environments is photo-electrochemically inactive, but that the addition of a chelating agent hinders the formation of this layer, allowing the photons to reach the barrier layer. In Figs 6(a) and (b), the effects of variations in the photon energy on the degree of photo-inhibition, as reflected in the displacement in the breakdown potential, are shown for SS304 and SS316, respectively. A constant photon flux was maintained at each wavelength. A neutral 0.5 mol dm-3 NaCl solution was used as the test solution. A total of twenty experiments were carried out for each of the stainless steels under conditions of non-illumination in order to obtain adequate "reference" breakdown potentials. The amount of scatter in the breakdown potentials, under these conditions, was of the order of +20 mV. The mean value of the breakdown potential calculated for the 304 stainless steel specimens in the dark was 272 mV (see), while that for the 316 stainless steel, also polarized in the dark, was 330 mV (see). Displacements in the breakdown potential, A&, on illumination were calculated as: photons, with the photo-inhibition effect decreasing with wavelengths exceeding 375 nm.
In Fig. 7 , the induction periods for SS316 specimens polarized at +285 mV (see) in a 0.025 mol dmm3 NaCl solution are shown as a function of photon energy. Also shown on this plot are the induction periods measured for identical experiments carried out in the dark. These data points are plotted at each wavelength so that the increase in the induction period on illumination is evident. The induction periods were measured as the time elapsed between the application of the polarizing potential, and the first meta-stable pitting events in which the current exceeded 500 nA. Representative plots, in which the current-time transients for SS316 polarized in the dark and polarized and illuminated at 300 nm are compared, are shown in Fig. 8 . Pit initiation, marked by the onset of current oscillations, was observed for the non-illuminated specimen after the elapse of approximately 25 min, while on illumination, the induction period was increased by a factor of three. Again, it is evident from Fig. 7 that the induction period is a function of the photon energy, falling slightly with lower energies.
DISCUSSION
In previous papers [6, 7] we have explained the photo-inhibition of pitting within the framework of the point defect model (PDM) [12] for the growth and breakdown of passive films in terms of the photo-quenching of the electric field (6) within the barrier layer. According to the PDM, passivity breakdown occurs when a critical concentration of cation vacancies coalesces at the metal-film interface to induce mechanical instability and rupture of the passive film. These ideas may be assembled to derive expressions for the critical breakdown potential (VJ and induction period for a single breakdown site respectively, where uX-is the activity of the aggressive anion in the solution, find is the induction period, AV = Vapp -V,, Vapp is the applied potential, and c' is related to the critical concentration of cation vacancies at the metal-film interface. The other parameters are as defined in previous publications [W It is proposed that on illumination, incident photons with energies in excess of the bandgap energy generate electron-hole pairs that are separated by the steep potential gradient in a manner that quenches the field, L. Since the parameter Jo, the flux of cation vacancies across the barrier layer, is directly proportional to 6, it can be seen from equation (1) that a decrease in t leads to an increase in V,, the critical breakdown potential. Also 5' is inversely proportional to t, so that a decrease in E leads to an increase in t,& equation (2). Thus, the finding that incident light inhibits the nucleation of pits (Figs l-8 ) is consistent with a quenching of c. It is evident from the variations in the displacement of the breakdown potential and induction time with the wavelength of the incident light (Figs 6 and 7 ) that only photons with energies in excess of the bandgap energy are successful in enhancing the pitting resistance. Bandgap energies in the region 2.G3.2 eV reported for Fe-Cr alloys, and the onset of sizable photo-currents between 375 and 275 nm [13-161, agree reasonably well with the data presented here, where the photo-inhibition effect is seen to diminish for wavelengths longer than 375 nm. The lack of a well-defined wavelength at which the photo-inhibition becomes evident is probably associated with sub-bandgap absorption. Although the passive films on stainless steels have been reported as being n-type semiconducting oxides, the barrier layer is postulated to be highly defective and amorphous, with a high density of localized states located close to the conduction band edge [12, 13, . However, this behaviour is consistent with the generation of electron-hole pairs and the quenching of the electric field strength being responsible for the enhanced resistance to pitting attack.
The data presented in Fig. 5 illustrate further the importance of generating electron-hole pairs and the subsequent quenching of the electric field. It appears that the formation of a precipitate layer on SS304 and SS316 specimens polarized in the alkaline solutions screens the barrier layer from the incident photons, and thus inhibits the generation of electron-hole pairs. This is supported by the experiments in which the photo-inhibition effect was partially restored on addition of the complexing agent, EDTA, to the alkaline test solutions; the complexing agent hindering the formation of the precipitate layer. The nature of this precipitate layer is unclear. However, it may be similar to the iron hydroxide, Fe,(OH),., formed on iron during periodic passivation and reduction in NaOH, which was removed completely by EDTA [21] . Also, the fact that the photo-inhibition effect remains unaffected (in neutral and acidic solutions), or increases (in alkaline solutions), in the presence of EDTA suggests that it is unlikely that photo-induced reactions, involving oxidized iron, at the filmsolution interface are responsible for the observed photo-inhibition effect.
However, this present work and that of Schmuki and Bohni [8, 9] show that the photo-effect persists after the incident radiation has been removed, so that the explanation of the effect cannot reside in the perturbation of the electronic structure alone. It is postulated that suppression of the electric field strength also modifies the vacancy distributions and, indeed, expressions for the concentrations of metal and oxygen vacancies as a function of the field strength have been derived from the PDM and are consistent with this hypothesis [22] . Noting that the cation vacancy diffusivity is of the order of lo-l9 cm* s-' (at least for the passive film on Ni [12] ), and assuming that the thickness of the barrier layer (L) is 3 nm, the relaxation time (t) of the vacancy structure (t z L*/O) is estimated to be of the order of 9 x lo5 s. This is in very good agreement with the period of 220 h (7.92 x 10's) calculated from the data presented in Fig. 4 , indicating that the photo-inhibition effect persists until the vacancy structure relaxes back to the state prior to illumination. Also, the data presented in Fig. 2 , in which the photoinhibition effect is seen to increase with the illumination period, seem to support this analysis; with extended illumination periods leading to a greater modification of the vacancy structure, which is slow to relax.
It might be postulated that the effects described here could be accounted for by the photo-dissolution of MnS inclusions. However, this is an electrochemical process and illumination might reasonably be expected to enhance the noise, contrary to the observations here. In addition, if the dissolution of the sulfide inclusions was enhanced by light, and if this process was ultimately responsible for stable pitting, then one might expect a negative shift in the breakdown potential upon illumination. Indeed, we have observed a decrease in the breakdown potential of SS304 on illuminating with very high intensity uv radiation (1186 mW cm-*) [22] , which suggests that photo-dissolution of the inclusions occurs only with high intensity illumination. Nevertheless, a role for MnS inclusions in the passivity breakdown on stainless steels has been established [23-261, and this is consistent with the present analysis. According to the PDM, the most susceptible sites on a metal surface to passivity breakdown are those with the highest diffusivities for cation vacancies within the C. B. Breslin et al.
barrier (passive) layer. These sites are likely to include the points of intersection between the barrier layer and the inclusion, as previously proposed [12] . In this scenario, passivity breakdown initiates at the periphery of the inclusion and, if conditions are subsequently established that cause the inclusion itself to dissolve substantially, then stable pitting ensues. Indeed, this scenario is consistent with the micrographs published by Ke and Alkire [23] , which show that pits initiate at the edges of MnS inclusions followed by dissolution of the inclusion to form various sulfur products. Nevertheless, it is also possible that illumination of the stainless steel surfaces lead to an enrichment of chromium in the passive film. Indeed, it is possible that both a chromium enrichment and a quenching of the electric field strength occur in a synergistic manner. However, the significant photo-inhibition effect observed with pure iron [8, 9] and pure nickel [6] cannot be explained in terms of such a chromium-enrichment process.
CONCLUSIONS
The results of this work show that photo-inhibition of pitting corrosion can be achieved for stainless steels on illumination with uv photons. An increase in both the breakdown potential and induction period and a decrease in the frequency of meta-stable pitting events were observed on illumination.
If was found that photo-inhibition of pitting attack depended on the energy of the photons (with photons having energies in excess of the bandgap being more effective) and the pH of the test solution. It appeared that the precipitate layer formed on passivation of the stainless steels in alkaline solutions (pH > 10) hindered the interaction of the photons with the barrier layer, The addition of a complexing agent, EDTA, to the test solution, which restored partially the photo-inhibition effect, supported this hypothesis. It was found, also, that the photo-effect persisted after the incident radiation was removed, surviving for periods of up to 220 h. These findings may be explained within the framework of the Point Defect Model (PDM) in terms of the generation of electron-hole pairs and the resulting quenching of the electric field strength. This in turn is predicted to modify the vacancy structure, leading to an enhancement in the pitting resistance of the steels that persists for some 220 h.
